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Abstract
An attosecond research upsurge has been overwhelmingly rising since the
establishment of novel light source—single isolated attosecond laser in extreme
ultraviolet/X-ray resulted by strong field high-order harmonics generation (HHG).
In this chapter, based on the electrostatic tunneling ionization from Coulomb
potential modulation of atoms by strong light field, we scrutinized the intrinsic
phase of high-order harmonics and analyzed qualitatively the salient dependence of
two mainstream single isolated attosecond pulse generation techniques as polariza-
tion gating(PG) and amplitude gating(AG) on carrier-envelope phase (CEP) of
femtosecond driving laser. The conclusion is that the optimized CEP corresponding
to the highest intensity contrast between the main and sideband attosecond pulses is
π=2 and 0 for polarization gating and amplitude gating, respectively. Further, an
experimental implementation was given in detail to exemplify the tricks for opti-
mum phase-matching process of HHG from the interaction of high-intensity fem-
tosecond laser field with noble gas target. The effects of the relative location
between Gaussian-shaped driving femtosecond laser field focus and the gas target
source used on the HHG phase matching were studied, and the conclusion found
that the expected position of gas target for optimum phase matching is always lying
behind the focal point of the driving field used.
Keywords: tunneling ionization, high-order harmonics generation,
single isolated attosecond pulse, carrier-envelope phase, phase matching,
few-cycle femtosecond laser
1. Introduction
With the invention in general and realization of the laser in particular by
Maiman in 1960, field of optics soon entered the new era of nonlinear optics. In this
regime, the optical properties of materials are no longer independent of the inten-
sity of light—as was believed for hundreds of years before—but rather change with
light intensity, giving rise to a wealth of new phenomena, effects, and applications.
Today, nonlinear optics has entered our everyday life in many ways and has also
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been the basis for numerous new developments in spectroscopy and laser technol-
ogy. Indeed, from the moment of birth of nonlinear optics, laser physics and
nonlinear optics have been intimately related to each other. Within “traditional”
nonlinear optics, the absolute changes of the optical properties are tiny if one
follows them versus time on a timescale of a cycle of light. This simple fact is the
basis of many concepts and approximations of “traditional” nonlinear optics. Over
the years, however, lasers have improved in many ways, especially in terms of the
accessible peak intensities and in terms of the minimum pulse duration available.
These days, over 50 years after the invention of the laser, the shortest optical pulses
generated are about one and a half cycles of light in duration. This comes close to
the ultimate limit of a single optical cycle [1].
Thanks to the technique of chirped-pulse amplification (CPA) and the availabil-
ity of CEP stabilized few-cycle laser [2], amplified laser pulses with focused peak
intensities in the range of 1022 W/cm2 are available in some laboratories. As a result
of this, today’s light intensities can lead to substantial or even to extreme changes on
the timescale of light, and the range of optics research is now shifting from the stage
of perturbative to extreme (or nonperturbative) nonlinear optical mechanism
[3, 4]. As for the latter, one remarkable achievement is the establishment of novel
light source—single isolated attosecond (1 attosecond[as] = 1018 s) laser pulse in
extreme ultraviolet or even X-ray electromagnetic spectrum based on strong field
HHG [5–7]. Since the fundamental processes of chemistry, biology, and materials
science are triggered or mediated by the motion of electrons inside or between
atoms, and that the atomic-scale motion of electrons typically unfolds within tens to
thousands of attoseconds, breakthroughs in light source science are now opening
the door to watching and controlling these hitherto inaccessible microscopic
dynamics, opening up a new horizon of science by observing, controlling, and
manipulating nature in a new dimension. Consequently, an attosecond research
upsurge is overwhelmingly rising from physics, chemistry, and material science to
even information processing and other fields [8–10]. What is worth mentioning is
that transnational or transregional attosecond science research infrastructures are
emerging, such as Extreme Light Infrastructure Attosecond Light Pulse Source
(ELI-ALPS) in Szeged, Hungary. Its main objective is to establish a unique
attosecond laser facility which provides developers and users with light sources
within the THz to X-ray frequency range in the form of ultrashort pulses at high
repetition rate.
Until now, the HHG based on the interaction between high-intensity few-cycle
femtosecond laser and noble gases is regarded as the main process for generating
attosecond laser pulse. The physical process in essence is frequency up-conversion
resulted by optical field caused by atomic tunneling ionization, which means that,
no matter what kind of single isolated attosecond pulse generation technique, such
as amplitude gating [11] or polarization gating [12], the phase matching involved is
the key issue, which affects the macroscopic response of the multiatom gas system
and eventually determines the conversion efficiency. According to the three-step
scenario of HHG proposed by Corkum [13], phase matching in process of HHG is
microcosmically influenced by multiple factors involved: fundamental driving laser
field, the gas system used, the high-order harmonics field that generated, and the
plasma formed by the atomic ionization. It is very difficult and even impossible to
carry out such a complete and accurate analysis on phase matching of HHG. So far,
most theoretical analysis are addressing incompletely on one or two factors men-
tioned above, while the experimental demonstrations are just concerned about
high-order harmonics yield, omitting intentionally or unintentionally the important
details of phase matching optimization [14, 15]. Consequently, the experimental
details to optimize HHG attosecond laser pulse generation are still not made clear.
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In this chapter, based on the three-step scenario of HHG, we scrutinized the
intrinsic phase of high-order harmonics from the atom tunneling ionization induced
by strong laser field and analyzed qualitatively the salient dependence of two
fundamental single attosecond pulse generation techniques as polarization gating
and amplitude gating on CEP of femtosecond driving laser. Finally, an experimental
implementation was given in great detail to show the way to realize optimum HHG
phase matching during interaction of strong optical field with noble gas target.
2. Strong field tunneling ionization and HHG
The light intensities necessary to rapidly ionize an atom are on the order of
I ≈ 1014  1016 W/cm2, which is well within the nonrelativistic regime. Thus, we
can ignore the laser magnetic field for the moment and focus on the laser electric
field [3]. Figure 1 visualizes this kind of ionization by high-intensity few-cycle
femtosecond laser pulse for an electron bound in the Coulomb potential of a nucleus
(assumed to be much more massive or fixed in space). The Gaussian linearly
polarized laser pulse of tFWHM ¼ 5 fs is characterized by its electric field E tð Þ ¼
~E tð Þ cos ω0tð Þ with carrier photon energy ℏω0 ¼ 1:5 eV, together with the two-
dimensional scheme of the resulting electric potential experienced by an electron
initially bound in an atom at three characteristic points in time. The large “tilt”
along the electric field vector axis in the center of the pulse can lead to tunneling of
the electron out of its binding potential through the potential barrier. If the barrier
height is lowered below the binding energy, above-barrier ionization can occur. For
circularly polarized light, the “tilt” stays constant, but its axis rotates in time [1].
Whether we can use the concept of electrostatic tunneling for light fields oscil-
lating depends on the ratio between the light field period and the time the electron
spends within the barrier, electron tunneling time. If the tunneling time is shorter
than the period of light, the laser electric field can indeed be viewed as a static field
along its polarization direction that parametrically changes its instantaneous value,
which is the case of HHG process-based single attosecond pulse generation. Within
the “static-field approximation,” the tunneling ionization rate Γi tð Þ depends expo-
nentially on the instantaneous barrier width l tð Þ because the electron wave function
Figure 1.
Coulomb potential modulation of atoms by strong light field.
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is decaying exponentially in the barrier according to ψ xð Þ∝ exp  kxj jxð Þ, as in
Figure 2. The probability of tunneling through the barrier is ∝ ψ lð Þj j2. Further, one
can expect the general behavior Γi tð Þ as
Γi tð Þ∝ e
E
3
2
b
ffiffiffiffiffi
2me
p
ℏe E tð Þj j l tð Þ (1)
Apparently, the ionization characteristics would definitely have a strong depen-
dence on CEP of the exciting laser pulses.
To get the exact description of the HHG spectrum, one can in principle solve the
time-dependent Schrödinger equation numerically for the ionization and compute
the atomic dipole moment from the known instantaneous wave function Ψ r, tð Þ via
the expectation value Ψ r, tð Þ erj jΨ r, tÞð ih . Multiplying by the atoms’ density
delivers the macroscopic optical polarization P, which is one of the main parameters
in the Maxwell equations. Neglecting the propagation effects, the radiated electric
field is proportional to the second temporal derivative of P. The square modulus of
its Fourier transform delivers the intensity spectrum of high-order harmonics. The
most intuitive way to discuss semiclassically the extreme nonlinear interaction that
leads to attosecond pulses is through the so-called three-step scenario introduced
by Corkum [13], as in Figure 3. The first step (①) is the atom ionization via
tunneling through the distorted Coulomb potential. Now the electron wave packet
is released in the continuum where it gets accelerated by the external field (②).
The third step (③) is the possible recombination with the nucleus and emission of a
high-energy photon.
As for the second step, the movement of the electron wave packet can be
described using Newton’s second theorem of classical mechanics. Again, the mag-
netic field of the laser and the Coulomb potential bound on the electrons are
ignored, and only the electric field of the laser is considered. And also we neglect the
spatial dependence of the electric field since the wavelength of the laser field is
much bigger than the distance the electron moves within the external field. We
assume a laser field that the atom is exposed to is E tð Þ ¼ E0 cos wLtð Þ. The electron
tunnels through the potential wall and is released into the continuum with zero
velocity at position zero at birth time t ¼ ti, v tið Þ ¼ 0，and x tið Þ ¼ 0. When we
assume that the only force experienced by the electron is F tð Þ ¼ mex00 ¼ eE tð Þ, the
expression for x tð Þ follows by integrating.
v tð Þ ¼ eE0
mewL
sin wLtð Þ  sin wLtið Þ½ ， (2)
x tð Þ ¼ eE0
mewL2
cos wLtð Þ  cos wLtið Þ þ wL t tið Þ sin wLtið Þ½ : (3)
Figure 2.
Strong field-induced tunneling ionization.
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Now one can use Eq. (3) to calculate the return time tr of the electron for
different tunneling times ti. Since the process is periodic in time with a periodicity
of π=wL, we use 0≤ ti ≤0:5T ¼ π=wL. Using Eq. (3), one can easily get that only
those electrons freed at 0≤ ti ≤0:25T have the chance to return to the nucleus, as
illustrated in Figure 4. Intuitively, the return time tr of electron with birth time ti is
the horizontal ordinate of the intersection point formed by the laser field curve and
its tangent line passing the point with t ¼ ti. And two important values for
analyzing HHG are free time τ ¼ tr  ti that the electron spends in the continuum
and the return energyWkin.
Figure 3.
Three-step scenario of high-harmonic generation.
Figure 4.
Wiggling motion of electrons in external laser field.
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Wkin tið Þ ¼ 2Up sin wLtrð Þ  sin wLtið Þ½ 2， (4)
ti ¼ 1
wL
atan
wLτ þ sin wLτð Þ
1 cos wLτð Þ
 
: (5)
Here Up ¼ e2E02=4mewL2 is the wiggling electron’s ponderomotive energy which
is the period-averaged kinetic energy in external laser field E tð Þ ¼ E0 cos wLtð Þ.
Figure 5.
Electron’s free time during the process of HHG.
Figure 6.
Electron’s return energy during the process of HHG.
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The electrons with different freed time ti are bound to have different free times
τ but might have equal return kinetic energy, as shown in Figures 5 and 6. Taking
the characteristic time tm ¼ 17T=360 as the boundary, which corresponds to the
maximum return kinetic energy of 3:17 Up, electrons freed earlier are called long
trajectory electrons, while the others short trajectory electrons. The intrinsic phase
of high-order harmonics resulted from the latter definitely has linear chirp, since
the parameter τ linearly determining the phase has linear feature.
3. CEP dependence of single attosecond pulse generation
Single isolated attosecond pulses originated from HHG process have been dem-
onstrated experimentally by a variety of gating techniques, which include spectral
selection of half-cycle cutoffs as in amplitude gating (AG) [11, 16, 17] and ioniza-
tion gating (IG) [18–21], temporal gating techniques such as polarization gating
(PG) (including double optical gating) [12, 22–27], and spatiotemporal gating with
the attosecond lighthouse effect [28, 29]. Based on the intuitive description of HHG
as the three-step scenario, PG and AG are the two most fundamental techniques, of
which the former utilizes the dependence of HHG yield on driving field ellipticity,
while on the latter the essential dependence of HHG itself is on driving field
intensity.
PG involves the synthesis of laser field tailored specifically with time-dependent
ellipticity. The left and right circularly polarized Gaussian laser fields used are as
follows:
E
*
LC tð Þ ¼ E0 e2 ln 2ð Þ
tTd=2ð Þ2
τω2
" #
cos
2π
T
tþ CEP
 
x^þ sin 2π
T
tþ CEP
 
y^
 
, (6)
E
*
RC tð Þ ¼ E0 e2 ln 2ð Þ
tþTd=2ð Þ2
τω
2
" #
cos
2π
T
tþ CEP
 
x^ sin 2π
T
tþ CEP
 
y^
 
: (7)
Here Td is the time delay between the two laser pulses. So one can get the field
synthesized and its ellipticity:
E
*
C tð Þ ¼ E0 e2 ln 2ð Þ
tTd=2ð Þ2
τω
2 þ e2 ln 2ð Þ
tþTd=2ð Þ2
τω
2
" #
cos
2π
T
tþ CEP
 
x^
þ E0 e2 ln 2ð Þ
tTd=2ð Þ2
τω
2  e2 ln 2ð Þ
tþTd=2ð Þ2
τω
2
" #
sin
2π
T
tþ CEP
 
y^, (8)
ξ tð Þ ¼
1 e4 ln 2ð Þ Td=τω2ð Þt
 
1þ e4 ln 2ð Þ Td=τω2ð Þtj j : (9)
The field in Eq. (8) can be decomposed into two linearly polarized fields, the
driving field and gating field for HHG, respectively. Taking τω ¼ 2T ¼ 5 fs, Td ¼
5 fs, and the critical field ellipticity ξc ¼ 0:2 [30], one can have the gating zone with
notable HHG effect as TG ¼ 1:5 fs. As shown in Figure 7, the two channels for HHG
are appearing different evolutionary characteristics corresponding to the CEP
changing from 0 to π=2, with channel ① depressed and channel ② enhanced. The
intensity contrast between the HHG that resulted reaches the maximum at CEP ¼
π=2, meaning the generation of single isolated attosecond pulse from one driving
laser pulse. Consequently the optimized phase setting for driving field is CEP ¼ π=2.
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As for AG, the essence is spectral selection of half-cycle HHG cutoffs, so the
linearly polarized driving field with CEP ¼ 0 could guarantee that the cutoff spec-
trum only comes from one channel and thus is supercontinuum supporting single
isolated attosecond pulse, as shown in Figure 8. So the optimized phase setting for
AG comparatively is CEP ¼ 0, which has been proven by the experimental results
in Ref. [16].
4. Phase matching for high-energy attosecond pulse
The device used for optimizing HHG phase matching is schematically shown in
Figure 9. The CEP stabilized few-cycle femtosecond laser (ladled as 1) is used as the
Figure 7.
CEP dependence of HHG for PG.
Figure 8.
CEP dependence of HHG for AG.
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driving optical field for HHG, with the inert gas (ladled as 5) in the nickel tube
(ladled as 4) as the target source. The metal filter (ladled as 8), e.g., aluminum or
zirconium, is used to filter the spectrum of residual driving laser from the HHG
generated. Acrylic cover (ladled as 12) is specifically adopted for easier monitoring
of the driving laser condition when the system is in vacuum. The procedure for
optimizing high-order harmonics phase matching includes three steps. The details
are deliberated in order as follows.
The first step is done in air. A Ti:sapphire oscillator (Rainbow, Femtolasers
GmbH) produces sub-10-fs seed pulses with 2.4-nJ energy at 76-MHz. The oscilla-
tor was pumped by a continuous wave laser (Coherent Verdi) at 532-nm and 3.10-
watt. The oscillator output pulses are then stretched before coupling them into the
amplifier. The output of the nine-pass amplifier with three-mirror configuration
was more than 1.1-mJ with hundreds of picosecond duration and 3-kHz repetition
rate. After amplification, the beam is sent into a grating compressor consisting of
two high-efficiency transmission gratings and a vertical retro-reflector to get 25-fs
laser pulse of 0.95-mJ. The beam from this laser system was focused into a fused
silica hollow-core fiber filled with neon gas with a length of 1.2-m (250-μm inner
diameter and 750-μm outer diameter) [31]. The broad optical spectrum ranging
from 420-nm to around 950-nm obtained by self-phase modulation effect in
hollow-core fiber, after traveling through a set of finely designed chirped-mirror
compressor, gives laser pulse width of 4.6-fs which is about 1.7 optical cycles for the
center wavelength of 803.5-nm, as shown in Figure 10. With focus spot size of 50-
μm, the peak intensity reaches above the level of 1.5 1014W/cm2, which is enough
to initiate the HHG in inert gas. The high-intensity femtosecond laser pulse will
bring about air breakdown plasma near its focus, the color of which is blue and
purple, as shown in Figure 11. Under the dark atmosphere, the longitudinal mid-
point of the plasma can be roughly regarded as the focus point of the driving pulse.
What is worth mentioning is that, before sending the drive pulse to the vacuum
chamber, both the nickel tube and the metal filter plates must not be in the propa-
gation path of the driving pulse.
Subsequent experimental steps are done using the focus point determined as a
benchmark. Firstly, keep the driving femtosecond laser in its experimental settings,
and roughly place the nickel tube 3  5-mm after the focus point (yet outside the
driving laser path by now to avoid damage). The nickel tube is a hollow-core
cylinder with an outer diameter of 2.5-mm and inner diameter of 2.0-mm, the top
of which is fully sealed to keep the inert gas system. Secondly, lower the power of
the driving laser and then move slowly the nickel tube into the laser path so that the
Figure 9.
Schematic diagram of the HHG experimental illustration.
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laser beam spot is just located at the transverse center of the gas tube. At this time
the laser power should be too low to make any ablation of the nickel tube. Finally,
recover the driving laser power gradually to its experimental value to drill the nickel
tube. To reduce the impact of the surrounding air flow on the driving laser beam
pointing stability, it is necessary to put the acrylic cover back to get nice tube
drilling. It takes at least 30 minutes to finish the drilling process, and the quality can
be checked through the pinhole far-field diffraction image, as shown in Figure 12.
This part illustrates the details to achieve the optimum phase matching for the
most efficient harmonic conversion output. The zirconium filter of thickness of
0.15-μm is used, and its spectral transmittance characteristics are shown in
Figure 13. When the HHG chamber reaches the required degree of vacuum,
2  104 Pa or even lower, send the driving femtosecond laser and open the neon
gas pipeline control valve to generate high-order harmonics. The high-order
Figure 10.
Autocorrelation trace of laser pulse width measurement.
Figure 11.
Strong laser-driven air breakdown plasma.
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harmonics signal is collected by an X-ray CCD. For the given driving laser settings
and nickel tube position, the maximum high-order harmonics yield can be found by
finely tuning the backing pressure of the incoming neon gas. By changing the nickel
tube position, one can obtain the dependency of high-order harmonics yield on
the relative position between the driving laser focus and the target source.
The results are shown in Figure 14, in which the horizontal ordinate of 0
indicates the focus point of the driving laser traveling along the positive direction.
The optimum phase matching can be arrived when the nickel tube gas target is
placed at about 4-mm after the driving laser focus, indicated by the maximum high-
order harmonics yield there. The harmonics yield is showing significant asymmetry
and is extremely low for the target position before the driving laser focus, which is
different from the result of reference [9]. The beam profiles of the high-order
harmonics detected by CCD and the driving field at the gas target are shown in
Figures 15 and 16, respectively. It shows that, under the condition of optimum
harmonics phase matching with gas target positioned about 4-mm after the driving
laser focus, the harmonics generated have similar intensity spatial distribution with
the driving laser field, providing an experimental evidence for the commonly used
Figure 12.
Far-field pinhole diffraction image of the laser-drilled nickel tube.
Figure 13.
Transmittance characteristics of 0.15-μm zirconium filter [32].
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Figure 14.
Dependence of high-order harmonics yield on gas target position.
Figure 15.
Driving laser profiles at (a) 4-mm and (b) 2.5-mm after its focus.
Figure 16.
Far-field profiles of the high-order harmonics with gas target positioned at (a) 4-mm and (b) 2.5-mm after the
driving laser focus.
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assumption that the single isolated attosecond pulse generated by a Gaussian fem-
tosecond laser is also a Gaussian beam. But for the case of worse phase matching as
in Figure 15(b), a Gaussian driving laser does not necessarily generate high-order
harmonics with similar profile. Using a grazing incidence flat-field spectrometer,
the HHG spectrum is analyzed and shown in Figure 17. The spectrum in the cutoff
region is continuum, indicating that only one channel gave its contribution for the
HHG as in Figure 8(b).
It is worth mentioning that other nickel tubes with different inner diameter
sizes were also tried. The findings showed that optimum phase matching of HHG
existing after the driving laser focus keeps the same for all these experimental
situations, though the gas target position for best harmonic phase matching, the
harmonics yield, and the backing pressure of gas target used vary to some extent.
So we can safely say that the conclusion is universal for Gaussian-type driving laser-
based HHG process.
5. Conclusions
The establishment of novel attosecond light source gave rise to an attosecond
research upsurge from physics, chemistry, and material science to information
processing, among which high-energy single isolated attosecond pulse resulted by
interaction between strong optical field and noble gases which has been attracting
much attention. Phase matching between the fundamental driving laser field and
the high-order harmonics resulted is the key issue to such frequency conversion. In
this chapter we scrutinized the intrinsic phase of high-order harmonics resulted
from the atom tunneling ionization induced by strong laser field and analyzed
qualitatively the salient dependence of polarization gating and amplitude gating on
CEP of femtosecond driving laser. The conclusion is that the optimized CEP of
driving femtosecond laser for generating single attosecond pulse is π=2 and 0 for
techniques of polarization gating and amplitude gating, respectively. Meanwhile, an
implementation was presented experimentally to exemplify the details for optimum
HHG phase matching in the interaction of Gaussian-shaped high-intensity few-
cycle femtosecond laser with inert gas target. We studied the dependence of the
harmonics phase matching on the relative position between the gas target source
Figure 17.
High-order harmonics spectrum.
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and driving laser field focus and found that the optimum gas target position for
HHG phase matching is always lying behind the focus of the driving field.
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